Abstract: Exposure to whole-body vibration is generally accepted as being a risk factor for low back pain and therefore exposure to vibration should be minimised. The results of previous laboratory based research investigating the biomechanical response of the seated human to vibration has been used to develop models that can be used within tools that are capable of predicting the response of seats. Several studies in the literature have reported apparent masses of seated human subjects whilst exposed to either random or sinusoidal vibration. Although these studies have shown similar trends, there have been no systematic comparisons of apparent mass for the same subjects exposed to random and sinusoidal vibration. This paper reports a study where twelve male subjects were exposed to random whole-body vibration at 1.0 m/s 2 r.m.s. and to sinusoidal vibration at 1, 2, 4, 8, 16 and 32 Hz. The modulus of the apparent masses were nominally identical when measured using random or sinusoidal vibration. The phase of the apparent masses were similar at 1, 2 and 4 Hz, when measured using random or sinusoidal vibration, but showed consistent differences at 8, 16 and 32 Hz. As the results between experiments using different waveforms are similar, models derived from experimental work based on one type of stimulus could be applied in scenarios involving the other type of stimulus.
Introduction
Whole-body vibration is considered a risk factor for lowback pain 1, 2) . Although this has been a long-held view, many recent epidemiological studies have shown an association between occupations with high magnitudes of vibration exposure and high prevalence of low back pain 3) . As a result, within Europe, risks from exposure to whole-body vibration will require control from 2005 when the EU Physical Agents (Vibration) Directive 4) is implemented. Although whole-body vibration is associated with lowback pain, there is no consensus as to the mechanism of injury. The use of epidemiological data is problematic as it is rare to have a full characterisation of a worker's vibration history. Biomechanical methods are therefore used to further understanding of the fundamental responses of people when they are exposed to vibration. Two approaches are commonly used for studying human biomechanical response: transmissibility methods and impedance methods. Transmissibility methods study the transmission of vibration through the body; impedance methods study the forces applied to the body and can be expressed either as the driving point mechanical impedance or the apparent mass 1) . The apparent mass of the human body has been used to as a tool to assist in the design of vehicle seats, to provide target dynamic response characteristics for the design of seat vibration test dummies, and to further understanding of fundamental biomechanical responses of people [5] [6] [7] [8] . The apparent mass is a measure of the driving point mechanical impedance of a structure and is calculated as the ratio of the Industrial Health 2005, 43, [233] [234] [235] [236] [237] [238] [239] [240] force to the acceleration in the frequency domain:
M(f) = F(f) a(f) where M(f) is the apparent mass, F(f) is the force and a(f)
is the acceleration at frequency f.
For a rigid structure, the apparent mass is equal to the weight. However, if the structure has some compliance, such as the human body, the apparent mass provides a measure of the frequencies where the structure resonates. The apparent mass is proportional to the static mass of the structure; therefore, to enable comparison of results obtained for test subjects of different weights, the apparent mass is often normalised by dividing by the static weight. This means that the apparent mass tends to unity at low frequencies. For human experimentation the apparent mass is usually measured on a seat but the feet usually rest on the floor. Therefore the static weight does not equal the total subject mass. The static weight is usually taken to be the apparent mass at the lowest frequency measured whilst retaining high coherency (usually ≤ 1 Hz).
Several studies of the apparent mass of the seated human body can be found in the literature. For example, Fairley and Griffin 9) and Mansfield and Griffin 8, 10) measured the apparent masses of seated subjects whilst exposed to random vibration. These and other studies 11) have shown that the human body has a resonant peak at about 4 to 5 Hz. The frequency of the peak is a function of the vibration magnitude; this non-linearity is characterised by the resonance frequency decreasing as the vibration magnitude increases. Other studies of apparent mass have used sinusoidal vibration as the stimulus. For example, Holmlund and co-workers [12] [13] [14] measured absorbed power and mechanical impedance (from which apparent mass can be calculated) in the vertical and horizontal directions using sinusoidal vibration over a wide range of frequencies. They also showed a peak in biomechanical response at 4 to 5 Hz with a non-linearity such that the resonance frequency decreased with increased magnitudes of vibration. Although these studies have all shown similar general trends, each has resulted in slightly different biomechanical response characteristics. It is possible that the differences are partly due to the different cohorts of subjects. However, it is also possible that the waveform of vibration is an important consideration when measuring the apparent mass, especially considering the nonlinear response of the body and the difficulty in comparing magnitudes of vibration when presented as either sinusoidal or random.
Gurram et al. 15) measured the biomechanical response of the hand-arm system to sinusoidal and random vibration and showed small differences between the responses in the frequency range of 300 to 500 Hz. There are no known equivalent studies for whole-body vibration where the biomechanical responses of the same subjects have been compared for random and sinusoidal stimuli. This paper reports the results of a laboratory study that enabled the biomechanical responses of seated humans to random and sinusoidal vibration to be compared.
Method
Twelve male subjects participated in the experiment. The subjects had a mean age of 27.9 yr (s.d. 8.6), a mean weight of 65.8 kg (s.d. 11.6) and a mean stature of 171 cm (s.d. 11.6). Each subject was exposed to 31 vibration stimuli. One of the stimuli was a random vertical signal equalised such that equal energy was generated at all frequencies from Hz were required to ensure that the shaker remained within its specified safe working displacement. At higher frequencies the magnitudes were selected to ensure that the waveform of the acceleration was of a low distortion. At 4 to 32 Hz the vibration magnitudes should have resulted in the same subjective magnitude. Subjects were asked their opinion of the vibration, although these data are not reported in this paper. The vibration stimuli are summarised in Table  1 . The sinusoidal vibration stimuli were presented in a balanced random order.
A vertical electro-hydraulic vibrator with low distortion was used to generate the vibration stimuli. This system had a peak-to-peak stroke of 100 mm and was situated in the laboratories of the National Institute of Industrial Health, Kawasaki, Japan. The force at the seat was measured using a Kistler 9286A force plate. The influence of the mass of the plate was removed using a mass cancellation technique in the frequency domain by subtracting the apparent mass of the unloaded force plate. If mass cancellation was not carried out, the modulus of the apparent masses would have been increased by a constant equivalent to the mass of the force plate. Acceleration was measured using a Brüel and Kjaer 4370 accelerometer. The vibrator was controlled by, and force and acceleration signals were acquired by, an HVLab data acquisition system. Data was acquired at 512 samples per second via anti-aliasing filters set at 170 Hz.
All subjects were explained the purpose of the study and gave their consent to participate. They were free to withdraw at any time although no subject chose to withdraw. The experiment was approved by the Research Ethic Committee of the National Institute of Industrial Health.
Apparent masses were calculated using two different methods. For the random stimuli, the transfer function was calculated using the cross spectral density method:
is the cross spectral density between the acceleration and the force, and G ii (f) is the power spectral density of the acceleration. Transfer functions were calculated with a resolution of 0.5 Hz. For the sinusoidal vibration, the apparent mass was calculated as the ratio of the r.m.s. force to the r.m.s. acceleration. The phase of the sinusoidal apparent mass was calculated using the cross spectral density method and the phase at the frequency of interest extracted.
To enable apparent masses of different subjects to be directly compared, the modulus of each apparent mass was normalised by dividing by the apparent mass modulus at 1.0 Hz. Therefore, each normalised apparent mass had an origin of 1.0. The phase of the apparent mass is not affected by this type of normalisation.
Results
The apparent masses measured for the 12 subjects using the random stimuli are shown in Fig. 1 . For the random vibration, resonance frequencies ranged between 4.5 and 6.0 Hz. The median resonance frequency was 5.2 Hz. The magnitude at resonance ranged from 65 kg to 140 kg. Peaks in the normalised apparent mass ranged from 1.28 to 1.67. The median normalised resonance magnitude was 1.42. These values are similar to those published in the literature for studies using different subjects and different equipment. The phase also corresponded to the responses previously reported. ; all other data sets were complete. The apparent masses measured for the 12 subjects using the sinusoidal stimuli are shown in Fig. 2 . For the sinusoidal vibration, all but one of the subjects with complete data sets had their maximum apparent mass at 4 Hz. The maximum apparent mass was at 8 Hz for Subject 2 when tested using sinusoidal vibration. The frequency of the greatest phase lag was either 8 Hz or 16 Hz. An equal number of subjects had the greatest phase lag at each of these two frequencies when tested using the sinusoidal vibration. The moduli of the apparent masses measured using the random and sinusoidal stimuli were similar to one another. Individual subject data shows that for each frequency measured using sinusoidal stimuli, the apparent mass had a similar modulus to the data measured using the random stimuli for that frequency (Fig. 3) . The most consistent difference occurred at 1 Hz, where the apparent mass measured using the random vibration was greater than that measured using the sinusoidal vibration for each subject. The largest difference at this frequency (5.5 kg) occurred for subject 6. This discrepancy represents a 7% difference. Across all data points for all subjects, the largest discrepancy occurred at 4 Hz for Subject 5 where the difference was 13.4 kg (10%). Differences between the apparent masses were significant at 1.0 Hz (p < 0.001, Wilcoxon) and at 16 Hz (p < 0.05, Wilcoxon). The statistically significant difference at 1 Hz was small (median of a 4%, 2.23 kg difference) and would disappear for normalised data (as this is the normalisation frequency). At 16 Hz, the apparent masses were slightly higher for the sinusoidal data, although the absolute magnitude of the difference (median of 1.25 kg) was small. The general trend, then, is that there is no 
Fig. 2. Modulus and phase of apparent masses of 12 male subjects measured using sinusoidal vibration (each data point represents the mean of five repeat trials).
Individual data for each of the five repeats of each condition for each subject showed a high degree of repeatability. The mean of the coefficients of variation for each subject/ frequency combination were about 1% at 1 and 2 Hz, 2.5% at 4 Hz, and about 5% at 8, 16 and 32 Hz. Due to an equipment problem, there was one missing data point for the sinusoidal difference between the modulus of the apparent masses measured using random or sinusoidal vibration, but where differences occurred, they were small.
At low frequencies, the phase of the apparent masses were similar for the random and sinusoidal stimuli. However, at frequencies of 8 Hz and greater, the phase lag was significantly greater when measured using the sinusoidal vibration than when measured using the random vibration (p < 0.005, Wilcoxon). This difference in the phase was consistent at 16 and 32 Hz for all subjects (Fig. 4) . At 8 Hz, the phase lags were equal (to within 0.25%) for Subject 2; for all others there was more lag when measured using the sinusoidal vibration.
The median normalised apparent masses measured using the two stimuli types for the 12 subjects are shown in Fig.  5 . As for the previously reported data, there was very little difference between the moduli of the apparent masses measured using the random or sinusoidal vibration. The phase showed a difference at 8 Hz and higher frequencies.
Discussion
Overall, this experiment has shown that there is little difference between measurements of apparent mass of the seated human when tested using random or sinusoidal stimuli. Differences are negligible in the modulus of the apparent mass; however, some differences were observed in this study in the phase of the apparent mass at high frequencies.
One advantage of testing using random vibration is that all frequencies are tested simultaneously. Therefore, the frequency resolution can be selected at the analysis stage, so long as the measurement duration is sufficient. The limitation of frequency resolution for sinusoidal stimuli can be observed in Fig. 2 : the peaks of the apparent mass were poorly defined for the sinusoidal stimuli but well defined for the random stimuli. Although the values of the apparent mass at the discrete frequencies tested are accurate for the sinusoidal vibration, there would be a potential risk of misinterpretation of the results if only sinusoidal data were presented; in this case none of the resonance frequencies measured using the random vibration coincided with the test sinusoidal frequencies. The closest measurement for these data was for Subject 5 where the apparent mass measured using random vibration was the lowest of all subjects (4.5 Hz). To establish the resonance frequency of the seated person using sinusoidal vibration, a fine frequency resolution is required. This will require a long exposure time for the subject. The finest resolution previously used for human testing is 1/6 octave 13) . Testing from 1 to 32 Hz represents 5 octaves and would therefore require 30 trials. Alternatively, testing could be carried out at a predefined frequency resolution (e.g. integer or half Hz intervals). If a similar protocol was used as that employed here (i.e. each sinusoidal test required 20 s of data) then 30 trials would need at least 10 min of vibration exposure. Similar fidelity of data could be achieved using random vibration in one minute. As all frequencies can be tested simultaneously the time to measure the apparent mass is reduced. Furthermore, the use of random stimuli eradicates the problem of distortion in the sinusoidal waveform that can occur for some vibration generation systems.
The total energy in a random vibration signal is distributed across all frequencies (usually bandlimited). However, for a sinusoidal signal, all of the energy is concentrated at one frequency. Therefore, the magnitude reported for a random signal cannot be directly compared to that of a sinusoidal signal. It could be argued that the sinusoidal vibration had a greater equivalent magnitude at the driving frequency than the random vibration used in this experiment (this principal has been the basis of some criticism of using sinusoidal stimuli for laboratory research and is one of the motivators for this study). Despite the apparent non-equivalence of the two types of stimuli, this study has shown that the results are similar for the magnitudes used here. It should be noted, however, that many researchers have shown that the biomechanical response of the seated human is non-linear and therefore, at resonance, the frequency of the apparent mass peak changes with the vibration magnitude [8] [9] [10] . The non-linearities have a smaller, or no, effect at frequencies remote from the principal resonance; the greatest effect occurs in the 4 to 14 Hz range. In this study, the individual subject data did not show consistent evidence of the non-linearity affecting the results at 4 or 8 Hz. It is possible that, by chance, the magnitude of the sinusoidal vibration caused a similar non-linear effect to that caused by the magnitude of the random vibration and that the non-linearity would have affected the results if different magnitudes were selected. Future work could investigate the equivalence of magnitudes of sinusoidal and random vibration across the frequency range of interest for biomechanical responses.
Some previous studies have used random vibration; others have used sinusoidal. This study has indicated that the choice of stimulus type should not affect the results for the modulus of the data and therefore all previous studies' moduli could be compared. Any difference in the moduli are likely to be due to differences in the individual biomechanical responses, rather than systematic differences due to stimuli type. However, it is possible that small discrepancies in the phase measured previously could be a systematic phenomenon, rather than an effect of inter-subject variability. Nevertheless, although the phase is important, it is secondary to the modulus (indeed, several studies omit to report the phase at all), the differences are small in absolute terms, and differences occur at least one octave removed from the principal resonance of the human body. Considering these facts, one is justified in pooling results from all studies.
From an occupational health perspective, the similarity between biomechanical responses measured using sinusoidal and random vibration means that biomechanical models based on either type of stimulus could be applied to the other type. For example, mathematical models that are used to predict the dynamic performance of seats in off-road machines could be based on either type of source data.
Current seat test codes such as those based on ISO 10326-1 16) use a combination of pseudo-random and sinusoidal vibration stimuli to test seats. Seats are loaded either with human occupants or inert masses depending on the type of test but there are safety and ethical problems with using human occupants and there are problems relating to the unrepresentative nature of inert masses for routine testing of seats. The feasibility of defining mechanical (anthropodynamic) dummies to use in place of human subjects and inert masses is being investigated 1) . As this study has shown that the apparent mass of the seated person is similar when measured using sinusoidal or random vibration, it should therefore be possible to use the same mechanical dummy for all types of seat test.
Conclusions
This study has measured the apparent masses of 12 male subjects exposed to random and sinusoidal whole-body vibration. It has shown that for the magnitudes of vibration used in this study, there are negligible differences between the modulus of the response of the human body when exposed to these different stimuli and therefore results from this and other studies could be directly compared, irrespective of the stimulus waveform. Small differences were observed in the phase; the phase lag was slightly greater for the sinusoidal vibration at 8 Hz, 16 Hz and 32 Hz. Mathematical and physical models of humans exposed to whole-body vibration could therefore be based on either type of stimulus and applied in either type of context.
